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ELECTROMAGNETIC LOGGING TOOL CALBRATON SYSTEM 

Cross-referoice to related applications 

This, invention claims priority pursuant to 35 U.S.C. § 119 of US. Provisional Patent 
Application Serial No. 60/399606, filed on July 30, 2002. This Provisional Application is hereby 
incorporated by reference in its entirety. 

Baekgroniid of Inventioii 

Field of the Invention 

[0001] The invention relates to techniques for testing and calibrating electromagnetic 
logging instruments adapted for subsurface measurem^ts. 

Background Art 

[0002] Various well logging techniques are known in the field of hydrocaibon and water 
exploration and production. These techniques typically use instruments or tools equipped 
with sources adapted to emit energy into a subsurface formation that has been penetrated 
by a borehole. The knitted energy interacts with the surrounding formation to produce 
Signals that are then detected and measured by one or more sensors on the instrument 
By processing the detected signals, a profile of fiie formation properties is obtained. 

[0003] Electromagnetic (EM) induction and propagation loggmg are well-known 
techniques. In this description an EM tool or EM logging tool is generally used to refer 
to cither an induction or propagation-type tool because the present invention is applicable 
to both types. An EM logging tool is typically disposed within the borehole to measure 
the electrical conductivity (or its inverse, resistivity) of subsurface formations. A typical 
EM tool includes a transmitter antenna and one or more (typically a pair) receiver 
antennas disposed on the tool. 

[0004] Antennas (or coils) may be operable as sources and/or sensors. For clarity, an EM 
logging tool in this description is described as having a certain transmitter-receiver 
configuration as if there were two distinct types of antennas - transmitter and receiver 
antennas. However, the principle of reciprocity applies, and one skilled in the art will 
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appreciate fhat a transmitter and a recdver have siimlar physical/electrical characteristics 
and one can substitute for the other. 

[0005] In both wireline and LWD applications, the ant^as are mounted on the support 
member (numdrel or sonde) and axially spaced from each other along the longitudinal 
axis of the tool. These antennas are generally coils of the cylmdrical solenoid type and 
are com]msed of one or more turns of insulated conductor wire that is wound around the 
support member. In operation, the transmitter antenna is energized by an altmating 
current to emit EM energy through the borehole fluid (also re&ired to as "mud'*) and into 
the formation. The signals detected at the receiver antenna(s) are usually expressed as a 
complex number (phasor voltage) and reQect interaction with the mud and the fonnation. 

(0006] A coil carrying a current (e.g., a transmitter coil) generates a magnetic field that 
can be represented as a magnetic dipole having a magnetic moment proportional to the 
current and the area of the coil. The direction and strength of the magnetic dipple can be 
• represented as a vector perpendicular to the plane of the coil The magnetic moment 
from the transmitter antenna is transmitted into the sum)unding formation, which induces 
a current (eddy current) flowing in the formation around the transmitter. The eddy 
current in the formation in turn generates a magnetic field that induces an electrical 
voltage m the receiver antennas. 

(0007] In conventional EM lo^ng tools, the transmitter and receiver antennas are 
typically mounted with their axes aligned with the longitudinal axis of die instrument, 
i.e., these tools have longitudinal magnetic dipoles (UMD). When an LMD-^uipped tool 
is placed in a borehole and flie antenna is energized to transmit EM energy, eddy currents 
flow in loops in Ae sunbunding formation in planes perpendicular to the borehole and 
there is no current flow up or down the borehole so long as the formation is axially 
symmetric about the tool axis. 

[0008] An emerging technique in the field of well loggmg is the use of instruments 
incorporatmg tilted or transverse (at 90 degrees to the support axis) antermas, i.e., where 
the antenna's axis or magnetic moment is not parallel to the support axis. These 
instruments are thus implemrated with antennas having a transverse or tilted magnetic 
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dipok (TMD). One particular implementation uses a set of three coils having non- 
parallel axes (also refened to as "tri-axial'O' The TMD antemia configaration can induce 
eddy currents m planes not perpendicular to the borehole and, thus, can provide EM 
measurements with directed sensitivity and sensitivity to the anisotropic resistivity 
properties of the formation. Logging instrumoits having TMDs are described in U.S. 
Patent Nos. 6,163,155, 6,147,496, 5,115.198, 4,319,191, 5,508,616, 5,757,191, 
5,781,436, 6,044,325, and 6,147,496. 

[0009] Tool calibration is an important and necessary task of logging operations. Factors 
such as imperfections in tool construction and variations due to the tool's electronics 
(e.g., op-amp phase accuniulations) will inevitably introduce errors in the measurem^ts. 
Tool calibration provides a way to eliminate or compensate for the effects of these &ctOT5 
on the measur^ent data. Several methods are available for calibrating conventional 
IMD loggmg tools. For example, U.S. Patent No. 4,876,51 1 discloses an external testing 
apparatus for testing and correcting an EM logging tool. This apparatus includes a 
shielded receiving device that clamps around (he transmitting antenna to intercept the 
transmitted signal and a shielded transmitting device that is positioned arourxi the 
receiving antennas of the tool to transmit a signal which has a phase and/or amplitude 
related to the signal transmitted by the tool's transmitting antenna. This device simulates 
the effect that a geological formation would have on the signal if it were to travel from 
the tooPs transmittmg antenna through the formation. Because tl^ simulated e£fect is 
known, the output of the tool may be verified or it may be corrected if necessary. 

[0010] Other mediods use conductive loops to calibrate the tool. ■ When a transmitter is 
activated to etmt EM energy, it induces an eddy current in the conductive loop. Hie eddy 
current in the conductive loop in turn induces an EM response in the receiver with an 
intensity that is a function of the eddy current magnitude. The measured signals are then 
used to calibrate die tooL Conventional conductive testing toops have magnetic dipoles 
oriented along flie tool (z-oriented) axis to couple with LMD antennas only. U.S. Patent 
No. 5,293,128 describes such a technique for calibrating an EM tool. 

[OOll] All of these methods are for the cahTiration of conventional LMD EM tools. With 
the advent of TMD-type logging tools with multiple antennas^ however, calibration 
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procedures require more complex measurements. TMD antenna configurations produce 
multiple couplings in multiple directions between transmitters and receivers. Thus a need 
exists for techniques to calibrate tools equipped with TMD antennas. 

Summary 

|0012] One aspect of the invention relates to a method for calibrating an electromagnetic 
logging tool having a plurality of antennas disposed tho-eon with at least one antenna 
having its axis at an angle with respect to the axis of the tooI» each antenna adapted to 
transmit and/or receive electromagnetic energy. The method includes disposing a test 
loop about the electromagnetic logging tool such that the axis of the tool and a plane on 
which the test loop lies form a tilt angle that is between about 0 and 90 degrees; 
measuring a signal induced in one of the antennas when another of the antennas is 
energized, the induced signal being affected by the test loop; and detamining a 
correction for the induced signal. 

[0013] Another aspect of the invention relates to a system for calibrating an 
electromagnetic logging tool The system includes a plurality of antennas disposed on 
the logging tool with at least one antenna having its axis at an angle with respect to the 
axis of the tooU each antenna ad^ted to transmit and/or receive electromagnetic energy, 
a test loop adapted for disposal about the logging tool such that the axis of the tool and a 
plane on which the test loop Ues form a tilt angle that is between about 0 and 90 degrees; 
and a processor adapted to calculate a correction for a signal induced in one of the 
antennas by another of the antennas, the induced signal being affected by the test loop. 

[0014] Another aspect of the invention relates to a system for cahlrating an 
electromagnetic logging tool having a plurality of antennas disposed thereon with at least 
one antenna having its axis at an angle with respect to the axis of the tool, each antenna 
adapted to transmit and/or receive electromagnetic oiergy. The system includes a test 
loop adapted for disposal about the loggmg tool such that the axis of the tool and a plane 
oh which the test loop lies fomi a tilt angje that is b^een about 0 and 90 degrees. The 
system also includes a compute adapted to connect to the electromagnetic logging tool, 
wh^in the computer is adapted to process a program with instructions to perform: 
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energizing a first antenna on the tool in the presence of the test loop; measuring an 
induced signal at a second antenna on the tool; and determining a correction for the 
induced signal. 

[0015] Other aspects and advantages of the invention will be apparent from the 

following description and the appended claims. 

Brief Description of Drawings 

[0016] FIG. 1 is an illustration of a logging tool with a test loop disposed about the 

tool axis for calibration/testing in accord with the invention. 

[0017] FIG. 2 is an illustration of a test loop according to one embodiment of the 

invention. 

[0018] FIG. 3 is an illustration of a transmitter to receiver coupling induced by the test 

loop in accord with the invention. 

[0019] FIG. 3 A i s « simpli fied representation of an alternative emb oHimRTit employing 

antennas having a set of coils having mutually orthogonal^ non-parallel axes. 

[0020] FIG. 4 is a plot of the test loop couplmg eflFects versus a distance between the 

test loop and the transmitter in accordance with one embodiment of the invention. 

[0021] FIGs. 5a and 5b show vector diagrams illustration corrections for sonde error 

and temperature-dependent effects in accordance with one embodiment of the 
invention. 

[0022] FIG. 6 is an illustration of a logging tool with a test loop disposed about the 

tool axis for calibration in accord with the invention. 

[0023] FIG. 7 is a fiow diagram of a calibration process in accord with the invention. 

Detailed Description 

[0024] The present invention relates to techniques for testing and calibrating EM 

logging tools or instruments equipped with IMD antennas. Embodiments of the 
invention are capable of calibrating all elements in a trans-impedance matrix that 
defines various couplings between transmitter and receiver antennas in a TMD EM 
tool. 

[0025] FIG. 1 illustrates a setup for calibrating a logging tool according to one 

embodiment of the invention. A tilted test loop (TTL) 1 1 is shown disposed on an 
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EM logging tool 10, which may be a wireline, MWD, LWD, or any other 
conventional logging instrument. The tool 10 is shown equipped with a transmitter 
antenna 13 and a receiver antenna 14. A cable 17 connects the EM logging tool 10 
with a computer (or processor unit) 16, which allows for recording and/or processing 
of data. 

[0026] As shown, the TTL 1 1 lies in a plane (not shown) that intercepts the tool 10 at 

a tilt angle 12. Due to this arrangement, the magnetic dipole of the TTL 11 would 
have a magnetic moment oriented in a direction not coincident with the tool 10 axis 
(shown as a dashed line). The tilt angle 12 made by the TTL 11 with the tool axis 
can be selected to provide optimal coupling between the TTL 11, the transmitter 
antenna 13, and the receiver antenna 14. Those skilled in the art will appreciate that 
an optimal tilt angle is dependent on the antenna 13, 14 configurations (tilted or 
transverse). For a typical tri-axial £M tool, which has mutually orthogonal transverse 
antenna s (see e.g.. FIG. 3A and tool 10^ with antennas 14\ 13^\ an optimal tilt angle 
is found around 45 degrees. For EM tools having tilted antennas, the optimal tilt 
angles may be larger or smaller than 45 degrees. Embodiments of the invention may 
use a tilt angle firom about 0 to 90 degrees. 

[0027] The size and shape of the TTL 1 1 is variable and may be selected to optimize 

the coupling between the transmitter antenna 13 and the receiver antenna 14. In one 
embodiment, the TTL 1 1 is formed on the surfece of a cylinder adapted to. remain 
concentric with the tool axis when placed on the tool 10. The size of the TTL 1 1 can 
be commensurate with the separation between the transmitter antenna 13 and the 
receiver antenna 14. With a larger separation between the antennas, it may be 
preferred to have a larger TTL 11, while with a smaller separation between the 
antennas, a smalls TTL 1 1 is more suitable. It is also possible (and sometimes more 
convenient) to use a single sized TTL to calibrate tools with various transmitter- 
receiver separations. In this case, it is preferred to have a TTL with a large diameter 
because a large TTL works weU with both large and small separations between the 
transmitter and the receiver. One skiUed in the art wQl appreciate that various sizes 
and shapes for the TTL 1 1 may be used to implement the invention. 

[0028] FIG. 2 illustrates one embodiment of a TTL 11 for calibrating an EM logging 

tool according to the invention. The Til. 11 comprises an elliptical test loop 21 
disposed on a 
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support 23. The test loop 21 can be made of any suitable conductive material in any 
dimensioD so long as its impedance (inductanceAresistance) is discemable (e.g., metal or 
conductive alloys). The loop 21 may be disposed on (or affixed to) the support using any 
suitable technique known in the ait. The loop 21 can also be disposed on the $u{^rt 23 
surface or embedded therein. The support 23 can be made of any suitable material with 
low conductivity (e.g., plastic, epoxy» or fiber glass). The conductive loop 21 may be a 
simple loop (not shown). The conductive loop 21 shown in FIG* 2 inchides a breaker 29 
that allows the conductive path m the loop to be interrupted. Those skilled in the art will 
appreciate diat other equivalent devices may be used instead of the breaker 29. For 
example, the conductive loq> 21 may terminate at ends 22 and 24, and a jumper (not 
shown) may be used to con^lete the conductive path when desired. The ability to break 
the conductive loop 21 is useful with embodiments having multiple loops provided on a 
single support 23. The ability to open and close the conductive loop 21 also facilitates 
simple quality checks of an EM tool in the fields 

[0028] The TTL 1 1 embodimott of FIG. 2 includes an opening or passage 25 formed at 
(or near) the support 23 center to allow the svppoTi 23 to slide over an EM logging tool 
for calibration, as illustrated m FIG. 1. A screw 27 (or any similar fastening or gripping 
device) is provided around the rim of the passage 25 so that the si^^port can be fixed at a 
desired position on the EM tool. In one embodiment, the conduit that forms the passage 
25 may be tilted at a selected angle relative to die plane of the siqqport 23 (not shown) 
such that when (he support 23 is disposed on the EM tool, the conductive loop 21 is 
disposed at the desired tilt anj^e. In another embodfanent, the loop may be split with a 
binge at one end so that it can be opened, placed over the tool and then closed. In yet 
another embodiment, the passage iS may be pivotally connected to the support 23 such 
that the tilt angle between the conductive loop 21 and the EM tool may be adjusted after 
the siqpport 23 is disposed on the EM tool (not shown). The support 23 and/or passage 25 
structure can be adq>ted to provide the desired pivoting using any suitable techniques 
known in (he art (e.g., using a £^mbal configuration). In any of the configurations, the 
loop may be rotated about the axis of the tool so that measurements can be made at 
different angles in order to excite different couplmgs. . 
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[0029] Embodiments of the invention aie not limited to how the TTL i 1 is constructed. 
For exaiq)le, in some embodiments, the TTL 1 1 may comprise multiple sections for ease 
of transport and installation (not shown)* In some embodiments, a support 23 can include 
more than one loop 2 1 j each having a different diameter and unpedance such that a single 
TTL 11 may be used for various EM tools having different separations between the 
transmitter and the receiver antennas (not shown). If multiple loops are provided on a 
single siq>port 23, each conductive test loop 21 can include a breaker 29 so that the loops 
21 that are not in use can be opened to prevent mutual induction. 

[0030] After manufacture, an EM tool is initially calibrated in a procedure referred to as 
a master tool calibratioxL The master tool calibration is typically performed at the point 
of manu&cture or in ft laboratory. Once the EM tool passes the initial (mast^) 
calibration, it is sent to the job site,, whm additional testing or calibration may be 
performed before and/or after a logging operation to ensure that the log data are reliable. 
This additional test or calibration is refenred to as field calibration. Embodiments of the 
invention are applicable to both master tool calibration and field calibration. 

. [0031] The logging tool 10 shown in FIG. 1 is equipped with a TMD receiver antenna 14 
and an LMD transmitter antenna 13. ^ This particular configuration is for illustration 
only. It will be understood that embodiments of the invention are not limited to any 
particular transmitter-receiver configuration. The EM logging tool 10 is also typically 
suspended above the ground 18 during calibration, such as on tool stands IS. In other 
embodim^ the tool 10 may be suq}ended vertically from a crane (not shown), or in 
any oflier suitable setup. The p^cular setup for calibrating the EM logging tool 10 is 
immaterial to fte inv^tion. 

[0032] FIG. 3 illustrates the EM coupling that takes place during a calibration process 
according to an embodiment the invention. When the transmitter 1 3 is energized, it emits 
EM energy (shown as arrow 41) into the surrounditigs. The emitted energy induces an 
eddy current 42 in the TTL 11. The induced current 42 in the TTL 11 produces a 
secondary EM field in tiie surroundings. This secondary EM field in turn induces a 
signal (Note: signal and voltage are interchangeable as disclosed herein) in the receiver 
antenna 14 via a coifl)li^g between TTL 11 and the receiver antenna 14 (shown as arrow 
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40). The voltage induced in the receiver antenna 14 is lecoided. The recoidod voltage 
(or apparent conductivity) is then compared with a calculated voltage based on a model 
including fhe coiq)ling efFect of the TTL. Signals induced at the receiver antenna due to 
background effects are accounted for in the voltage comparison. 

[0033] In anotho- embodiment, a second measurement is made with the TTL 1 1 removed 
or with the conductive loop 2 1 opened (via the breaker 29). The voltage thus detected in 
the receiver antenna 14 is recorded and compared with that obtained in die presrace of 
the TTL coupling. The difference in the voltages recorded in the receiver antenna 14 in 
these two opmtions reflects the coupling effects of fhe TTL II. This alternative 
approach, though requiring two measurements, is simpler because tool errors and 
tempeialuie dq>endent effects cancel out in die voltage difference. This difference 
measurement approach is suitable for testing where a quality control check is desired. 

[0034] As noted above, because the impedance of the TTL 11 is known, it is possible to 
model this couplmg effect using any suitable analytic code algorithm. For example, 
software sold under the trade name of ELMOD™ by Dynatest Consulting, Inc. (Ventura, 
CA) may be used for such modeling. In such modeling, the antennas may be 
approximated as point dipoles for simplicity of computation when the TTL 1 1 diameter is 
much greater than the antenna diameter. Altemativdy, more accurate codes which 
include the details of the coil and test, loop design may be used. The modeled coupling 
effect and the detected voltage are compared to see whether the EM logging tool 10 
functions properly or if a correction needs to be applied. To make corrections, the 
measured voltage difference is compared with the calculated voltage response to 
determine a gain (or calibration factor) for the particular tool. 

[0035] The preceding describes basic calibration procedures according to embodiments 
of the invention. Those skilled in the art will ^reciate that the magnitude of the TTL 1 1 
coupUng effect is affected by flie TTL location about the EM logging tool 10 and its 
orientation around the tool. However, calibration according to embodiments of the 
invention is based on a comparison between measured voltage differences and modeled 
coupling effects. Therefore, if the modeUng is based on a similar TTL location and 
orientation as the test setup, then it is not overly critical where and how the loop is 
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arranged on the tool 10 as long as there is a measurable efTect due to the presence of the 
TTL. Nevertheless* when the TTL is disposed at a location and in an orientalion that 
produces a maximal coupling eifect, the difFerenoe in the measured voltages can be more 
accurately determined and errors produced by errors in the position of the test Iwp will 
be minimized. The location of the TTL 11 on the logging tool 10 refers to a distance 
from the transmitter antenna 13 or the receiver antenna 14, while the ori^tation of the 
TTL 11 on the tool 10 refers to its orientation about the X-Y plane if the tool axis is 
aligned with the Z-axis. 

[0036] Using an elliptical TTL 1 1 disposed at 45 degrees to the tool axis as an exanq>le 
and referring to FIGs. 1 and 3, a method for positioning a TTL according to one 
embodiment of the invention is as follows. To calibrate (he TTL coupling between a 
transniitter m the X direction and a receiver in the Xdirection»tfie TTL 11 is disposed on 
the tool 10 at a first position between die transmitter 13 and receiver 14 with the msyor 
axis of the elliptical TTL 11 aligned in the X direction. The transmitter antenna 13 in the 
X direction is energized and the induced voltage is measured and recorded at the receiver 
antenna 14 in the X directioa The position (location/orientation) of the TTL 11 about the 
EM logging tool 10 may be varied and measurements are made in order to find a position 
whese a relative extrema (i.e., maximal coi^ling) results in the receiver antenna 14. The 
variation in voltage will have a cos0 dependence, where 0 is the rotational angle between 
the axis of the test loop and the x-axis. 

[0037] Similarly, to calibrate the coupling between the X transmitter and the Y receiver, 
the TTL 11 can be oriented half way (4S degrees) between the X and Y directions and 
moved along die tool 10 to place it at an optimal position to produce a relative extrema in 
die recorded voltage. The variatimt in voltage will have a sin(20) dependence, where 
once again, 9 is the rotational angle between the axis of the test loop and the x-axis. One 
skilled in the art will appreciate that the other cross tenns between the transmitter 13 and 
receiver 14 may be calibrated in a similar manner. 

[0038] FIG. 4 shows an exemplary plot ilhistradng the effect of TTL locations on its 
coupling efficiency. The results shown were obtained using a 48 inch [122 cm] (the 
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minor diameter) elliptical TTL with a known admittance of 1 S/m at a 45 degree tilt and a 
tool having two transv^se receiver antenna assembles disposed at 21 inches [S3 .3 cm] 
and IS inches [38.1 cm] from the transmitter. For test loops with another admittance, the 
apparent conductivity may need to be mathematically corrected for the admittance of the 
test loop. It is clear that the TTL coupling effect is detectable up to a 40-iiich [102 cm] 
separation between the transmitter and Ifae TTL However, a maximal coupling effect is 
found at a separation of about 12 inches [30.S cm]. While this particuho' example shows 
that the locatioa-dq)cndent curve had a single maximum with a positive coupling effect, 
o&er TTL and tool combinations may produce a curve having more than one maximum 
and/or having one or more minimum with negative coiq)Hng effects. Because calibration 
according to embodiments of the invention is based on a comparison between 
experimentally detennined values and modeled values, a negative coupling effect would 
also be usefiil for EM tool calibration in accordance with embodiments of the invention. 
It is evident fiom FIG. 4 that the curves are very broad, with the local maximum (or local 
mmimum] readily apparent. 

10039) An embodhnent of a calibration process of the invention involves computing 
cahbration co^cients in a tensor that couples die transmitt^ to the rcceivo'. A process 
for computing ftese coefficients follows: 



where Z is a trans-impedance matrix that mcludes information related to what die tool is 



[0040] 




of the transmitter with a current / is as follows: 




capable of measuring about its environment (e.g., the test loop or the earth formation). 
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The element Zy is the voltage that would be induced in a receiver havmg an area of 1 
and a magnetic moment oriented in the j direction by passing a current of I amp into a 
transmitter having an area of 1 m^ and a magnetic moment oriented in the i direction, 

[0041] The technique described above is for the simple case. Another ai^Toach that may 
be i^d for the general cas^ e.g., for a tri-axial antenna configuration where all the cross 
couplings are desired and it is assumed the antennas are not orthogonal or misaligned, T, 
R, and V now each have three columns: 





fT 
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,and 



equation (1) becomes 



p = T'*ZR 



(2) 



From this, the tensors describing the transmitter (T) and receiver (R) may be inverted to 
give: ^ 



Z=(T-"rpR- 



(3) 



[0042] The calibration process can now be expanded from the computation of a single 
calibration coefficient for a conventional LMD tool to the computation of multiple entries 
in the matrices T and R for a TMD tool Eadi time a measurement b made with a TTL 
m a different position or orientation, the trans-impedance matrix Z changies and a 
different measurement p is obtained. By having a set of dififa:ent measuronents (with 
different TTL positions or orioitations), it becomes possible to estimate the values of 
tensors T and R. 

[0043] ThuSj to estimate the calibration coefficients, a set of measurements for 
gen^ating different trans-impedance matrices Z are obtained together with the 
corresponding set of measured values of p (in Equation 2). The set of trans-impedance 
matrices Z and measured values p are then used to solve for tensors T and R, using a 



MARKED-UP SPECIFICATION 
12 



PAGE 23/48 * RCVD AT 12/19/2007 4:40:18 PM [Eastem Standard Time] * 8VR:U8PTO-EFXRF-1/15 * DNI8:2738300 * C81D:8323335546 * DURATION <mm-ss):18-14 



<WEO> DEO 1 e 2007 1 O r 4Sii^ST .16: 37/No. 7900000480 R 24 



19.0317 



nonlinear least squares technique to minimize the difference between the measured and 
expected values. Because these measurements include a product of transmitter moments 
and receive moments, it is possible to scale the trausmitter moments by a factor o; 
provided that the receiver moments are scaled by 1/a The result is a calibration that 
accounts for both the errors in magnitude and phase of each measurement, and also for 
the &ct that the coils are not mechanically perfect 

[0044] In formation logging, it is typical to present the measured voltages (or induced 
signals) in terms of qiparent formation conductivity. Because the measured voltages in 
the receiver antennas directly correlate with the fomiation conductivity, the apparent 
formation conductivity may be simply presented as a scaled version of the voltage 
measured by the tool In 1962, Moran and Kunz showed that in a homogeneous 
isotropic formation, the voltage detected in an axial receiver antenna following excitation 
ofan axial transmitter antenna is as Mows: 

^^^i^(^4Xra)^_.^^a. (4) 

where At2ssAAr are Ae effective areas of the transmitter and receiver, respectively, Tand 
/? are the number of turns for the transmitter and the receiver, respectively, L is the 
distance between the transmitter and the receiver, and the propagation constant 



k=yli0fia where is the frequency of the altemating current, o* is the 



S 



conductivity, is the magnetic permeability of the formation, and S = . /— ^ is the skin 

f Wfl<T 

depth in the medium. The voltage expressed in Equation (4) is a complex number 
because it is phase-shifted fiom the phase of the transmitter current /. Its real and 
imaginary components are referred to as the resistive signal (R-signal) and reactive signal 
p[-signal). Equation (4) may be expanded as Powersoft to produce; 
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where F/tistheR-signal. KristbeX*signal>aiid J^isafiu;tordiat coirelatesdieirimared 
voltage with the formatioa conductivity. 

(0045] For a multi-antenna sonde. 



V. 



cr. = -^- _ (6) 



where 



For a set of transverse antennas, equation (4) becomes: 

Following the same transformation as described above, K„ wAKy,, which are idoitical, 
may be obtained as: -.y!^ — 

The difference in nonnalization ensures that in a low conductivity homogeneous isotropic 
medium, ^ 

^. = 'T^=^« (10) 

which is what it should be. Using these factors QSxx, Kyy, and Kzz) the measured 
voltages can then be converted to more familiar apparent conductivity: V/K, 
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(004^ As noted above> if the measured response is different firom the calculated lesponse 
based on a model, the tool response may need to be adjusted by a gain/phase. According 
to one embodiment of ike invention, a gain correction may be found by solving the gain 
matrix G: 

TZi^R'-V^\ (11) _W 

where is Che measured TTL response less a background measurement and V^is 
the calculated TTL response or trans impedance. 

[0047] The process of deriving a gain correction factor may be better understood using 
ilhistrations of vector diagrams. FIGs. Sa-5b show two charts with vector illustrations of 
the TTL response vector Vij, where i or j = {x,y;K), FIG. 5a shows a vector voltage 
diagram of the total measurement that includes contributions fiom array temperature- 
dependent effect {Vreo^) and s<mde enor (Vstmi^. FIG. 5b shows the measurement (KMoa 
rn) with the temperature and sonde error contributions removed. The .corrected 
measurement {VMm jtl ) is flien compared with tte calculated TTL response {Vcak m) to 
provide a gain/phase correction factor. Fmally, a calibrated tensor voltage k^^'"**^ is 
defined as: \^ 

ycau^ = TZ^BJ-V^ -Vf^iT). (12) 

where Vsonde rqnesents a sonde error and Vimp represents a temperature dependent 
voltage to conect for temperature drift in the tool response. Techniques fi)r deriving the 
tool sonde error are known in die art. U.S. Patent No. 4,800,496 describes a technique 
that can be used to correct for s<Hide enror. Temperature-dependent voltage effects are 
also derived by techniques known in the art, such as by creating a voltage versus 
temperature table. 

[0048] Embodiments of the invention provide convenient methods to ensure that an EM 
tool delivers high quality measurements every time it is run in a well. In order to ensure 
proper tool ftmction, subsequent to the nntial tool calibration^ a calibration check may be 
performed at any time. FIG. 6 illustrates an embodiment of ttie invention that allows for 
a convenient field calibration &at may be performed with minimal user interventioii. To 
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perform tbe calibration check (or field calibration), the transmitter antenna 13 is 
energized and the TTL 11, disposed about well loggmg tool 10, couples tbe transmitter 
antenna 13 and the receiver antenna 14. This coupling induces a voltage signal at the 
receiver antenna 14, which is recorded. 

[0049] A cah*bration process of the invention can be summarized as follows. A TTL is 
disposed about an EM logging tool between the selected transmitter-receiver. As noted 
above, any sized TTL may be used as long as it produces a measurable effect m the 
transmitter-receiver coupling. Similarly, the shape offlie TTL is not a liniiting factor. To 
calibrate TMD toob, the TTL is disposed at a tilt angle relative to the axis of the tool 
This tilt angle can be anywhere betwera about 0 to about 90 degrees, dependmg on die 
orientation of the transmitter and/or receiver antennas involved. Furthermore, although 
the TTL can be disposed in a manner such that the center of the loop is at or near tiw axis 
of the tool, this is not necessary. The inventicm may be implemented with the TTL 
disposed off centered, or even conq)letely to one side of the tool. The criterion is that the 
TTL be disposed at a location to produce measurable effects. 

[0050] Next, the transmitter antenna is energized. This can be accomplished with the 
electronic and power modules fliat are normally used to power the tool as known in the 
art. A voltage (or signal) induced at the receiver antenna is then detected or recorded. 
The induced signal/voltage at the receiver antenna includes a pcwtion that would be 
detected in the absence of the TTL and a portion fliat is contributed by the TTL coupling. 
This induced signal/voltage can also include voltages due to sonde errors or other 
environmental factors. 

[0051] A tool sonde error correction, temperature drift correction, or any other 
environmental effect correction can then be applied to the measured induction 
signal/voltage as known in the art This approach may be preferred in field calibration 
where one is interested in determining whether the too! is performing within a preset 
error tolerance. For this correction, sonde error and temperature correction factors may 
be pie-stored in a memory, which may be included in the tool or included in an 
independent computer. An alternative ^proach to correcting the measured induction 
signalAroltage is to take a second measurement in the absence of the TTL couphng and to 
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derive a difference signal/voltage fiom fhe first and the second measurements. The 
""difference signal/voltage" thus obtained would cancel out all effects (including 
environmental effects) not due to the presence of the TTL. Therefore, this alternative 
approach may be preferred &>r the initial (master) tool calibration. The measurement in 
the absence of the TTL coupling effect can be obtamed in more than one way: with the 
TTL removed from the tool or with the TTL remaining on the tool but the conductive 
loop open. Whether the measured induction signalA^oltage is corrected by applying 
correction factors or by a difference signal/voltage, the resultant signaWoltage is 
generally referred to as a corrected signal (or a corrected voltage). 

[0052] The corrected voltage is then compared to a calculated voltage. As noted above, 
the calculated voltage may be obtained from modeling of the system. The model would 
include the characteristics of the TTU Ae tilt angle, its position on fhe tDo!» and the 
characteristics of the tool. The modeling may be accomplished with any suitable 
algorithm known in the art. 

[0053] In some embodiments, a gain may be determined. The gain matrix can be derived 
from a comparison of the magnitudes of the corrected voltage and the calculated voltage 
matrix. The gain matrix thus obtained can then be used to normalize the 
magnitude/phase of the corrected voltage such diat it would produce an accurate value. In 
general, the gain matrix is complex, that is, it corrects for the fact that the measured 
voltage differs from the nominal vohage both in its magnitude and in its phase. The 
process steps outlined above are illustrative embodiments. Those skilled in the art will 
appreciate that other variations are possible without departing fiorh the scope of the 
invention. 

[0054] FIG. 7 illustrates a calibration .process according to an embodiment of the 
invention. First, a test loop is disposed about the electromagnetic logging tool such that 
the axis of the tool and a plane on which the test loop lies form a tilt angle that is between 
about 0 and 90 degrees (shown as 100). A signal induced in one of the antennas is then 
measured when another of the antennas is energized, the induced signal being affected by 
the test loop (shown as 105). A correction for the induced signal is then determined 
(shown as 110). 
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[0055] The EM tool may be implemented with hardware and dicuiny 32 to record and 
store signal data inclading previous^ determined sonde enors and tmperature dependent 
effects (temperature may be measured by a sensor inside flie tool 10) for measurement 
correction. Data is communicated to the cncuitry 32 along wire 31, which can be 
coupled to a processor unit 16. The previously described gain correction may be 
perfonned by the circuitry 32 or the processor unit 16. Corrected voltage data can be 
multiplied by a gain matrix^ which may be detomined during the initial or master tool 
calibration. The corrected voltage, either before or after gain con:ection, can be 
compared with a predefined value to see if it falls within a selected range of tolerance for 
maintafaiing a desired quality assurance. The range of tolerance may be based on (he 
particular TTL selected and the transmitto- 1 3 to receiver 14 spacing. 

(0056] Embodiments of the invention may be implemented in a prograin storage device 
readable by a processor. The program storage device includes a program that encodes 
instructions for performing the operations described hemn, FIG. 6 shows a program 
storage device 19, which may take Hie form of, for example, one or more floppy disks, a 
CD-ROM or other optical disk, a magnetic tape, a read-only memory chip (ROM) or 
other forms of the kind that would be appreciated by one of ordinary skill in the art. The 
program of instructions may be encoded as ^object code" (Le., in binary form that is. 
executable more-or-Iess directly by a computer), in "source code"* that requires 
compilation or interpretation before execution or m some intermediate form such as 
partially compiled code. 

[0057] Advantages of the invention include efficient methods for the cah'bration of EM 
logging tools having tilted or transverse antennas. The apparatus and metiiods of the 
invention may be conveniently used both in master tool calibration and field calibration. 
In field application, the invention provides convenient ways to check a TMD tool before 
and/or after a logging operation to ensure that the log data are reliable. 

[0058] While the invention has been described with respect to a Ihnited number of 
embodiments, those skilled in the art, having benefit of this disclosure, will appreciate 
that other embodiments can be devised which do not depart from the scope of the 
invention. For example, while the previous description assumes the calibration is 
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perfomed in Ae air, it will be undo^tood that the modeling/balibratton may also be 
perfoimed in other media. The TIL may also be implemented in virtually any sbzpe 
(e«g., circle, triangle, square^ ellipse, etc.). 
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